FASEBJ.,

9, 874-882 (1995)
Key Words: endothelium #{149} shear stress #{149} gene expression THE PULSATILE FLOW OF BLOOD through the branched tubular network of the mammalian circulatory system generates biomechanical forces that act on blood vessels to modulate their intrinsic structure and function (1) . These hemodynamic forces, which include hydrostatic pressures, cyclic strains, and frictional wall shear stresses, constitute a special category of biophysical stimuli that, in addition to better characterized biochemical stimuli, can elicit important biologic responses in the cells that compose the blood vessel wall. Because of the central rule played by the endotheial cell in the economy of the vessel wall (2) 
(3).
In this brief review, we focus on recent insights into the molecular mechanisms that link hemodynamic forces, in particular wall shear stresses, to the regulation of endothelial gene expression.
We also consider some of the unanswered questions raised by the complexities of this biological process.
ENDOTHELIUM-DEPENDENT VASCULAR ADAPTATIONS TO BLOOD FLOW
In vivo, large blood vessels, such as elastic and muscular arteries, can undergo dramatic adaptations in response to both acute and chronic alterations in blood flow that appear to be endothelium-depenclent (4) . Certain of these changes, such as vasodilation and vasoconstriction, reflect alterations in the rates of production of endothelial-derived mediators, such as prostacyclin and nitric oxide, which act locally to modulate the tone of vascular smooth muscle (5) (6) (7) (8) shape of individual cells is more polygonal and without any obvious orientation, consistent with the local temporal and spatial fluctuations in flow . This classically described morphologic pattern has led to the suggestion that the endothehal cell might function as a sensor of local fluid mechanical forces (10) .
Given (14) (15) (16) (17) (18) (19) . This experimental strategy has permitted deliberate control of selected mechanical parameters (e.g., amplitude, duration, and spectral properties of the applied force), as well as more precise measurement of biological responses at the cellular level. For flow simulation studies, two basic systems have been designed. The first is a relatively simple parallel-plate flow chamber (Fig. 1A) , in which well-developed laminar flows are generated by a pump device over a confluent endothehal monolayer grown on a transparent covership. In this system, wall shear stress, the tractive force imparted by the movement of a viscous fluid over the luminal endothehial surface, is a linear function of the volume flow rate through the channel.
Using a closed sterile system with periodic replenishment of medium, cells can be maintained under defined flow for several days. Coupled with a phase-contrast microscope or microfluorimeter, this system permits visualization of shear stress-induced changes in cell morphology or live-time functional analyses (e.g., ionized cytosolic calcium measurements with fluorescent reporters) (20) (21) (22) .
The second system is a modified cone-plate viscometer (14) in which shear stresses are produced in a layer of fluid contained between a stationary base plate and a rotating cone (Fig. 1B) . By adjusting cone angle, medium viscosity, and cone rotation speed, a broad dynamic range of shear forces (typically in the range of 1 to 50 dynes/cm2) can be generated, in both laminar and turbulent flow patterns (23 by tipping the cone with respect to the axis of rotation. In addition, small, defined areas of disturbed flow can be created on each coverslip by the addition of a barrier to the primary flow in the form of a step (Fig. lB. inset) . The latter system generates a separated flow region downstream with complex secondary flows and large spatial variations in the shear gradient (24) , thus mimicking the disturbed laminar flow patterns that occur in vivo near arterial bifurcations (11) (Fig. 1C) . To simulate the rhythmic deformation of the arterial wall associated with systolic-diastolic pressure changes, endothelial cells have also been grown on distensible membranes and subjected to rapid (60 cycles/mm) stretching in specially designed cyclic strain apparatuses (25) . More recently, hydrostatic pressures also have been applied to endothehial cultures in the absence of fluid flow (26 show complex patterns of response to experimental flow conditions designed to mimic the force amplitude as well as spectral properties of in vivo wall shear stresses. For example, application of unidirectional laminar shear stresses to confluent endothelial monolayers tends to suppress cell replication (37) , whereas turbulent shear stresses of comparable time-averaged magnitude trigger the majority of cells to enter cell cycle and divide (32) . (24) . This and other observations (16) suggest that the endothehial cell may be especially responsive to change in its fluid mechanical environment.
Many flow-induced responses resemble classic receptormediated, second-message coupled changes in the activity of intracellular enzymes or extracellular effector molecules. Indeed, studies of adenosine nucleotide-induced endothehal responses have pointed to a role for flow-related alterations in the mass transport of agonists in the vicinity of cell-surface receptors (20, 21) . Nonetheless, in addition to these indirect effects of fluid movement on boundary layer transport phenomena, there appear to be numerous examples of biological responses mediated by direct mechanical stimulation of endothehial cells (31, 38) . When surveying these force-mediated endothelial responses, one is initially struck by their diversity, not only in terms of their functional implications but also their temporal pattern. As outlined in Table  1 Certain of these genes (e.g., PDGF-A, ecNOS), however, exhibit lower basal transcript levels under static conditions than PDGF-B, and thus manifest a more substantial shear induction.
In at least one case-MCP-1-an initial positive induction phase is followed by a more sustained depression below static levels (45 Fig. 3A , further analysis using nested 5' deletions of this promoter construct (di7, d18, d26, d36) identified a 52 bp region situated between position -153 and -101 (with respect to the transcriptional start site) that was necessary for shear stress responsiveness.
Ohigonucleotide probes spanning this region were then used in electromobihity shift assays (EMSA) of nuclear extracts prepared from large samples (10 cells) of both static and shear-stressed endothehial monolayers. A strongly shear stress-inducible complex consistently formed in association with a 12 bp stretch within this region. Further mutational analyses defined a 6 bp core binding sequence, GAGACC, which was termed the shear stress response element or SSRE. Positive complex formation was observable with radiolabeled probes containing the SSRE as early as 30 mm after the onset of flow (Fig. 3B) . This rapid occurrence of nuclear protein-DNA binding was consistent with the kinetics of transcriptional activation of the intact PDGF-B gene, as well as the PDGF-B/CAT reporter construct.
To test whether this SSRE, defined in the context of the intact human PDGF-B promoter, was potentially able to mediate the induction of other genes by shear stress, hybrid promoters consisting of the SSRE (GAGACC) or its complementary sequence (GGTCTC), coupled to a SV4O-based enhancer-less promoter controlling a CAT reporter gene, were transfected into endothelial monolayers (Fig. 3C) . Exposure to laminar shear stress resulted in activation of these SSRE-dependent hybrid promoters, thus establishing that this positive element was sufficient to confer shear responsiveness (50).
Because endothehial gene expression has also been shown to be responsive to another type of hemodynamic force, cyclic strain (26), we asked whether the SSRE might also play a role in this process.
To test this hypothesis, endothehial cells were exposed to cyclic strain in a Flexercell system (10% biaxial strain, 60 cycles/mm, 0.5-24 h), and their nuclei as well as nuclei from cells grown under static conditions were tested by EMSA. A highly inducible complex was formed between the SSRE probe and nuclear proteins from endothehial cells exposed to cyclic strain for as little as 30 mm. This complex was specific and similar to the one formed with nuclear proteins from shear-stressed In contrast, E-selectin and VCAM-1 transcript and cell-surface protein were not up-regulated by shear stress at any time point examined, although they were strongly inducible by a cytokine stimulus (e.g., interleukin-1). This selective pattern of regulation of these endothelial adhesion molecules observed with shear stress thus correlates with the presence or absence of the SSRE in their promoters.
Direct testing of the function of this element as a positive shear response regulator of the human ICAM-i gene, using appropriate deletional reporter constructs, is currently in progress. It is interesting that when wall shear stresses in the rabbit carotid artery were increased or de- 
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TRANSCRIPTION FACTORS AND SHEAR STRESS
The identification of a cis-acting positive regulatory element in the PDGF-B gene promoter raised the more general question of the nature of the DNA binding proteins involved in transcriptional activation of this and other shear-inducible genes. Recent work in several laboratories has demonstrated that the intracellular concentration and activation state of a number of known transcription factors can be influenced by shear stresses in endothehial cells (3, 31) . For example, the IERGs c-fos, c-fun, and c-myc, whose products can function as transactivating factors, are all induced in cultured endothehium by shear stress, although with different kinetics (3, 40, 41) . Translocation of c-fos protein to the nucleus has been observed in endothehial cells exposed to "arterial levels" (25 dynes/cm2) of laminar shear stress. Both the induction of transcription of the c-jos gene and the translocation of its protein product appear to involve protein kinase C, G-proteins, phosphohipase C, and intracellular calcium (40). Nuclear extracts from shear-stressed endothehial cells form complexes with an AP-i probe (which can interact with c-fos and/or c-jun proteins) in EMSA assays, with two discrete peaks of activity (20 mm, 2 h) (52). A second transcription factor system, NFKB, which appears to play a central role in the regulation of multiple pathophysiologically relevent genes in vascular cells (see ref 53), is also activated by shear stress, as originally shown by Davies and co-workers (52) using EMSA analysis. Using immunofluorescence microscopy ( Fig. 4) , we have recently observed translocation of the heterodimeric components of the NFid3 activation complex, pSO/p65, from the cytoplasm to the nucleus as early as 10 mm after exposure of both Finally, although wall shear stress in particular has received much experimental attention, interactions with other hemodynamic parameters such as pressure and stretch remain largely unexplored.
These reservations notwithstanding, it is likely that in vitro model systems will continue to provide useful insights into the molecular mechanisms linking biomechanical forces and gene expression in the endothelium.
SUMMARY AND FUTURE DIRECTIONS
The application of simple in vitro models has yielded new insights into how fluid mechanical forces act to regulate gene expression in vascular endothelium. In particular, the complex patterns of biological responses elicited by laminar shear stress are now being understood in terms of the activation of shear stress-responsive elements in the core promoters of various genes. These positive and negative transcriptional regulatory elements, through their combinatorial interactions with shear-induced transcription factors, thus provide a mechanism for coordinated patterns of response of otherwise unrelated genes in different physiological and pathophysiological settings. But the basic question of how a frictional force, applied to the external surface of the luminal membrane of an endothelial cell, is translated into genetic regulatory events in its nuclear compartment still remains to be answered. It is hoped that as the complexities of endothelial gene regulation by biomechanical forces are unraveled, we will arrive at a better working concept of the vascular endothehal cell as a dynamic integrator of local pathophysiologic stimuli within the vascular wall. Ultimately, this knowledge should contribute to our understanding of the pathogenesis of vascular disease and point to new therapeutic strategies.
